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We have investigated the fluorine-doping dependence of lattice constants, transports and
specific heat for polycrystalline LaFePO1−xFx. F doping slightly and monotonically decreases
the in-plane lattice parameter. In the normal state, electrical resistivity at low temperature is
proportional to the square of temperature and the electronic specific heat coefficient has large
value, indicating the existence of moderate electron-electron correlation in this system. Hall
coefficient has large magnitude, and shows large temperature dependence, indicating the low
carrier density and multiple carriers in this system. Temperature dependence of the upper
critical field suggests that the system is a two gap superconductor. The F-doping dependence
of these properties in this system are very weak, while in the FeAs system (LaFeAsO), the F
doping induces the large changes in electronic properties. This difference is probably due to
the different F-doping dependence of the lattice in these two systems. It has been revealed
that a pure effect of electron doping on electronic properties is very weak in this Fe pnictide
compound.
KEYWORDS: superconductivity, iron-based superconductor, LaFePO
1. Introduction
Recently, superconductivity in iron- and nickel-based oxyphosphides, LaFePO and La-
NiPO were reported.1, 2 In the same family of iron-based oxypnictides, Kamihara and co-
workers have found a new superconductor, LaFeAsO1−xFx with critical transition temper-
ature, Tc = 26 K.
3 Since then, the research on the iron-based pnictides have been active,
and the superconductivity with higher Tc above 50 K has been discovered in F-doped and O-
deficient FeAs systems with other rare-earth elements (R), RFeAsO1−xFx and RFeAsO1−δ.
4–7
Much experimental and theoretical efforts are now being made to clarify the superconducting
mechanism in these Fe-based pnictide systems.
These FeP and FeAs systems are composed of alternant stacked Fe-P/As and R-O layers.
The substitution of F− for O2− or the oxygen deficiency in the R-O layers introduces the
∗E-mail: miyasaka@phys.sci.osaka-u.ac.jp
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charge carriers (electrons) to the conductive layers of Fe-P/As. The isostructural FeP and
FeAs systems have a similar electronic structure.8 In addition, the theoretical investigation
has indicated that the bands around Fermi level have mainly Fe 3d character, while the p bands
of P and As are quite minor in these bands. Nevertheless, the FeP and FeAs systems show
distinct differences in the superconducting, electronic and magnetic properties.1, 3, 9–12 This is
still an open question. In order to understand the superconductivity in the FeAs compounds
and the origin of difference in the superconducting/normal state properties between these FeP
and FeAs systems, it is very important to clarify the electronic properties in LaFePO1−xFx.
LaFePO, which is the end member of the FeP system, shows a superconducting behavior
below Tc ∼ 4 K, and becomes a paramagnetic metal above Tc.
1 It shows no structural phase
transition with decreasing temperature, keeping a tetragonal lattice. So far, few research
groups have reported the superconducting properties in the F-doped FeP compound, because
of the difficulty of their synthesis. In refs. [1] and [13], Y. Kamihara et al. have reported only
6% F-doped sample. In the present work, we have synthesized several F-doped FeP compounds
and systematically investigated the F-doping dependence of lattice parameters, transports and
specific heat of LaFePO1−xFx to clarify the structural and electronic features in this system.
2. Experimental procedures
Polycrystalline samples of LaFePO1−xFx (x = 0-0.10) were synthesized by using a two-
step solid-state-reaction method. First, LaP powder was synthesized by heating a mixture
of La and P powders in an evacuated silica tube at 400 ◦C for 12 hours and 700 ◦C for 12
hours. Second, Fe, dehydrated Fe2O3, LaF3 and P powders were mixed with the prepared LaP
and pressed into pellets under a pressure of 10 MPa. Since the starting materials seem to be
partially oxidized,14, 15 3 at.% of oxygen was reduced from the stoichiometry by changing the
ratio of Fe and Fe2O3 powders. The pellets were annealed in evacuated silica tubes at 1100
◦C for 40 hours. The second step was carried out under a nitrogen atmosphere to prevent the
LaP from reacting with oxygen and moisture.
The samples of LaFePO1−x−yFx with several oxygen deficiency y have been synthesized by
using the above-mentioned method. In the samples with y <0.03, the several impurities such
as La2O3, LaOF and so on, were observed by using powder X-ray diffraction. In contrast,
the powder X-ray diffraction patterns for y ≥0.03 indicate the samples are a single phase.
In the last step of synthesis, only the samples with the pellet shape were annealed in the
evacuated silica tubes. So, we concluded that the samples with the nominal molecular formula
of LaFePO0.97−xFx have almost nonstoichiometry of oxygen and fluorine in the present work.
The samples were ground and checked by powder X-ray diffraction using Cu Kα1 radia-
tion at room temperature. All diffraction peaks of respective samples can be assigned to the
calculated Bragg peaks for the tetragonal LaFePO.16 The in-plane (a) and out-of-plane lattice
constants (c) of LaFePO1−xFx with F concentrations of x= 0-0.10 are obtained by using least
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squares fitting of the measured peak positions of the powder X-ray diffraction data in 2θ =
20 ◦ - 100 ◦.
The magnetic susceptibility were measured in a magnetic field of 10 Oe to observe the
diamagnetic behavior due to the superconductivity and determine Tc for the LaFePO1−xFx
samples. The volume fractions of the superconducting phase estimated from the diamagnetic
susceptibility at 2 K are over 80 % for all LaFePO1−xFx samples. In this paper, the critical
temperatures Tc are defined by an onset transition temperatures observed in the temperature-
dependent susceptibility.
Transport and specific heat measurements were performed on the LaFePO1−xFx with F
concentrations of x = 0, 0.03 and 0.05. The temperature (T ) dependence of electrical resistivity
ρ(T ) was measured by a standard four-probe method from room temperature down to 1.8 K.
The electrical resistivity under magnetic fields (H) up to 14 T, ρxx(T,H), was measured in
the superconducting magnet. The specific heat C(T ) measurements were carried out by a
relaxation technique from 20 K down to 1.8 K. The Hall coefficient RH was measured in
magnetic fields up to 5 T at various temperatures.
3. Results and discussion
Figures 1(a) and (b) present the F-doping (x) dependence of Tc, in-plane (a) and out-of-
plane lattice constants (c) of LaFePO1−xFx with the tetragonal lattice. For comparison, the
x-dependent Tc, Ne´el temperature TN, and lattice constants of LaFeAsO1−xFx are plotted
in Figs. 1(c) and (d), which were reported in ref. [11]. As shown in Fig. 1(b), the F-doping
dependence of c is small and not beyond an experimental error in this FeP system. In contrast,
the a monotonously decreases with increasing F concentration, and the decreasing ratio is
about 0.6 % per an atomic mole of F. The systematic change of a is the evidence that F is
successfully introduced into this FeP system.17
In the FeAs system, both of in-plane and out-of plane lattice constants show a clear x-
dependence. As shown Fig. 1(d), the a and c decrease with rates of approximately 5 % and 3.5
% per F atomic mole, respectively, while the b-axis is slightly expanded with x. The changing
rates of the lattice constants of the FeAs system are much larger than those in the FeP one.
These results imply that the F doping controls only the band filling of the Fe 3d orbitals in
LaFePO1−xFx, while in the FeAs system it changes not only the valence of Fe ions but also
the crystallographic lattice coupled with electronic structure.
The different influence of F doping on the lattice structure seems to induce the different
change on the electronic and magnetic features in these systems. As shown in Fig. 1(a), the Tc
shows a little but systematic dependence on the F-doping level in LaFePO1−xFx. The Tc are ∼
5.8, 7.8, 8.0, 7.8, and 6.2 K for x = 0, 0.03, 0.05, 0.08, and 0.10, respectively. Only 3 % F doping
enhances Tc by 2 K. Further doping hardly changes the value of Tc. We synthesized several
samples with various fluorine concentrations and oxygen vacancy. However, we have been not
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able to enhance Tc further. In contrast, LaFeAsO1−xFx shows a drastic change of electronic
and magnetic states induced by F doping, i.e. the phase transition from the antiferromagnetic
metal to superconductor takes place at low temperatures. (See Fig. 1(c).) The Tc and TN show
a systematic change against the F concentration x.
Next, we examine the effect of electron doping on transports and specific heat. The elec-
trical resistivity ρ(T ) for x=0, 0.03 and 0.05 presented in Fig. 2 shows a metallic behavior
and a phase transition to the superconducting state at low temperatures. The residual re-
sistivity ratios (RRR) are about 20 in all the samples. Shown in the inset of Fig. 2, ρ(T ) is
proportional to T 2 at low temperatures. This T 2 dependence of ρ(T ) indicates the existence
of the electron-electron correlation in the present system.18 The T 2 dependence of ρ(T ) has
been also observed in LaFeAsO1−xFx.
19 In contrast to the case of FeAs system, the F-doping
dependence of ρ(T ) is quite small in this FeP system.
Temperature dependence of specific heat C(T ) for LaFePO1−xFx with the F concentra-
tions of x=0, 0.03, and 0.05, plotted as C/T vs. T 2, are shown in the inset of Fig. 3. Above
Tc, the data can be well fitted by C/T = γn + βT
2, where γn and β are electronic and lat-
tice specific heat coefficients. γn are 10.1, 8.5 and 8.3 mJ/molK
2 for x = 0, 0.03 and 0.05,
respectively. Using calculated density of states at the Fermi level g(EF) of LaFePO, ∼ 2.5
states/eV per formula unit,20 γn = (pi
2/3)k2Bg(EF) is estimated to be ∼ 5.9 mJ/molK
2. The
obtained values are ∼ 1.5 times larger than the calculated one, which indicates the carrier
mass enhancement due to the electron-electron correlation in LaFePO1−xFx.
The electronic part of C/T in the normal and superconducting states, γ(T ), is estimated
by subtracting the lattice contribution βT 2 from C/T , i.e. γ(T ) = C/T − βT 2. γ(T ) in
Fig. 3 shows the specific heat jumps ∆C/Tc near Tc, suggesting that the samples are bulk
superconductors. Temperature of the midpoint of the jump is consistent with the temperature
where ρ becomes zero. The normalized specific heat jumps ∆C/γnTc are 0.32, 0.42 and 0.46
for x = 0, 0.03 and 0.05, respectively. These values are much smaller than that expected from
the BCS weak-coupling limit (∆C/γnTc = 1.43). (The jumps of specific heat around Tc are
broad in the present result.21 Assuming that the entropy change due to the superconducting
transition occurs at Tc, the values of ∆C/Tc are still smaller than the theoretical one.) In
addition, residual γ is observed by extrapolating γ(T ) down to T = 0. These behaviors of
γ(T ) may be caused by Cooper pair breaking by the some impurities. Recently, theoretical
study indicates that this FeP superconductor has a nodal superconducting gap.22 The present
results may support this proposal of the nodal superconducting gap for the FeP system.
Figure 4 and the inset present the temperature-dependent Hall coefficients RH for
LaFePO1−xFx with x=0, 0.03, and 0.05, and the magnetic-field-dependent Hall resistivity
ρxy(T,H) for x=0.05 at 200 K. The Hall resistivity ρxy(T,H) shown in the inset of Fig. 4 is
proportional to magnetic field H. The ρxy(T,H) for all LaFePO1−xFx samples has the same
4/??
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H-dependence in the whole temperature region, indicating no anomalous Hall effect in this
system. As shown in Fig. 4, Hall coefficients for all the samples are negative and have a large
magunitude. Near room temperature, all three compounds have similar values, RH ∼ −4×10
−9
m3/C. If a single band is assumed, RH = 1/nq, where n is carrier concentration and q is a
carrier of a charge. Then n at room temperature is estimated to be ∼ 0.1 electrons per unit
formula, which indicates the low carrier density, similar to the case for the FeAs system.19, 23
With decreasing temperature down to 50 K, |RH| for LaFePO1−xFx with x=0.03 and 0.05
are enhanced, while that for undoped sample is independent of temperature. The magnitude
of RH for all samples decreases rapidly below 50 K. These temperature dependence of RH is
probably due to the existence of multiple carriers. In spite of electron doping by F substitu-
tion, RH shows no clear change with increasing F content. It probably because the opposite
changes of two carriers compensate with each other.
The temperature-dependent resistivity for LaFePO1−xFx with x = 0, 0.03, and 0.05 in
various magnetic fields are shown in Fig. 5. The resistive transition between normal and
superconducting states shifts to lower temperature, and the zero resistive state at the lowest
temperature is not observed above 1, 2 and 3 T in x=0, 0.03 and 0.05 samples, respectively.
The suppression of resistivity at low temperature completely disappears above 5 and 10 T in
the pure and F-doped samples, respectively. The width of resistive transition broadens with
increasing magnetic field H. This behavior is often observed in high-Tc cuprates. The present
results have indicated the large anisotropy of the upper critical field Hc2, as expected from
the 2-dimensional electronic structure. For the end member LaFePO, the anisotropic Hc2 has
been confirmed by the investigation using a single crystal.24
Figure 6 shows temperature dependence of the upper critical fields Hc2(T ) for x = 0,
0.03, and 0.05. The Hc2(T ) indicated by the open and closed marks in Fig. 6 are defined as
the magnetic fields, where ρxx(T,H) drops to 95% and 5% of its extrapolated normal state
value. Considering the anisotropy of Hc2 described above and referring to the previous works
for the FeAs polycrystalline samples,23, 25 they are likely to correspond to the upper critical
fields perpendicular to the c-axis Habc2 (T ), and parallel to the c-axis H
c
c2(T ), respectively. The
upper critical fields at zero temperature are roughly estimated as Habc2 ∼ 7 T and H
c
c2 ∼ 1
T for the undoped sample, which are consistent with the results by using the single crystal
of LaFePO,24 and 12 and 2.5 T for the F-doped samples. The anisotropy of Hc2 seems to
be weakly reduced by F doping. The concave curvature around Tc is shown in Hc2 for 95%
in Fig. 6. It is probably the evidence for the two gap superconductivity in LaFePO1−xFx, as
was observed in MgB2.
26 Recent study of thermal conductivity also indicates the multigap of
superconductivity in the undoped system.27
The present results of transports and specific heat measurements for this FeP system are
suggestive of the existence of electron-electron correlations, the multi-bands, 2-dimensional
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electronic structure, and two superconducting gaps. These characters in the normal and su-
perconducting states for the FeP system are similar to those for FeAs ones. In contrast to these
similar electronic features, there is a distinct difference in F-doping dependence of Tc, trans-
port and magnetic properties. We think that this is related to the different lattice structural
change by F doping between LaFePO1−xFx and LaFeAsO1−xFx, as shown in Fig. 1. In the
iron-based pnictide superconductors, Tc and other physical properties are very sensitive to the
lattice distortion presumably because it modifies the band structure. The present results may
indicate that F-doping effect in the FeAs system is mainly induced by the change of lattice
rather than by the change of the band filling. In other words, a pure electron-doping effect
in the Fe-based pnictides is weak, as is observed in the FeP system. The crystal structure of
LaFePO1−xFx is far from the optimum structure, for example the best Fe-P bond angle, for
high-Tc superconductivity.
28
4. Summary
We have synthesized polycrystalline LaFePO1−xFx with x = 0-0.10, and systematically
investigated the F-doping (x)-dependence of lattice parameters, electrical resistivity, specific
heat, Hall coefficient and resistive transition in various magnetic fields.
At low temperatures, the existence of moderate electron-electron correlation is indicated
from T 2 dependence of electrical resistivity and enhancement of electronic specific heat coef-
ficient. A clear jump of electronic specific heat around Tc indicates that the samples exhibit
bulk superconductivity. Large magnitude and temperature dependence of Hall coefficient sug-
gests the low carrier density and the existence of multiple carriers in this system. Temperature
dependence of the upper critical field suggests that the system is two gap superconductor.
The upper critical field at the lowest temperature perpendicular and parallel to the c-axis,
Habc2 and H
c
c2, are roughly estimated as 7 and 1 T for the undoped sample and 12 and 2.5 for
the F-doped samples, respectively.
The present results indicate that electron doping without large crystallographic change by
F-substitution gives little effect on the electronic properties. This suggests that the observed
change in Tc and physical properties in the FeAs system is predominantly caused by the
structural change rather by the electron doping due to F substitution. In the FeP system, F
doping monotonically and slightly decreases the in-plane lattice constant. Although only 3 %
of fluorine doping enhances Tc by 2 K, further doping barely change not only the Tc but also
other physical properties.
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Fig. 1. F-doping (x) dependence of (a) transition temperatures for superconductivity (Tc), and (b)
lattice constants at 300 K of LaFePO1−xFx. The x-dependence of (c) Tc and Ne´el temperature
TN, and (d) low temperature lattice constants for LaFeAsO1−xFx are also shown, which have been
reported in ref. [11]. In upper panels ((a) and (c)), closed and open circles indicate Tc and TN,
respectively. In lower panels ((b) and (d)), circles, closed and open triangles indicate the lattice
constant of c-axis, Fe-Fe distance along a-axis and that of b-axis, respectively. Broken lines are
the guide for eyes.
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Fig. 2. (Color online) Temperature (T ) dependence of electrical resistivity ρ for LaFePO1−xFx with
x = 0 (black solid line), x = 0.03 (red broken one) and x = 0.05 (blue dash-dotted one). Inset
shows plots of ρ− ρ0 versus T
2, where ρ0 is residual resistivity. The magnitude of ρ just above Tc
is used as the ρ0.
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Fig. 3. (Color online) Temperature (T ) dependence of electronic specific heat coefficient γ for
LaFePO1−xFx with x = 0 (black circles), x = 0.03 (red inverted triangles) and x = 0.05 (blue
diamonds). The broken lines show an ideal specific heat jump assuming a discontinuous entropy-
conserved superconducting transition. Inset shows the plot of specific heat divided by temperature
C/T versus T 2. The broken line indicates the fitting results above Tc by C/T = γn + βT
2, where
γn and β are electronic and lattice specific heat coefficients.
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Fig. 4. (Color online) Temperature (T ) dependence of Hall coefficient RH for LaFePO1−xFx with x
= 0 (black circles), x = 0.03 (red inverted triangles) and x = 0.05 (blue diamonds). The broken
lines are the guide for eyes. Inset shows a magnetic field H dependence of Hall resistivity ρxy at T
= 200 K for the sample with x = 0.05. The broken line fits to the data by ρxy = RHH , indicating
that the ρxy is proportional to H up to 5 T.
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Fig. 5. (Color online) Temperature (T ) dependence of resistivity ρ in various magnetic fields for
LaFePO1−xFx with (a) x = 0, (b) x = 0.03, and (c) x = 0.05.
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Fig. 6. Temperature (T ) dependence of the upper critical fields Hc2(T ) for LaFePO1−xFx with (a)
x = 0, (b) x = 0.03, and (c) x = 0.05. Filled marks denote 95% of the ρ in the normal state and
open ones 5%. (See the main text for the definition.)
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